A novel method for selective adsorption of indole using magnetic molecularly imprinted polymers (MMIPs) as the adsorbent is proposed in this work. The MMIPs were synthesized by microemulsion polymerization, using Fe 3 O 4 nanoparticles as the magnetically susceptible component, acrylamide as the functional monomer, ethylene glycol dimethacrylate as the cross-linker and indole as template molecule. The products obtained were characterized by Fourier transform infrared spectroscopy, transmission electron microscopy, vibrating sample magnetometry and thermogravimetric analysis. The adsorption performances of MMIPs were investigated by batch adsorption experiments in terms of selective recognition, adsorption kinetics and adsorption isotherms, respectively. The maximum amount of adsorption on MMIPs occurs at approximately 120 minutes. The results indicate that MMIPs possess high adsorption capacity for indole. The adsorption fits with the pseudo-second-order kinetic model and the Langmuir isotherm model.
INTRODUCTION
The various organic nitrogen compounds present in fuels are converted into oxides of nitrogen (NO x ) through combustion, which is one of the causes of air pollution and acid rain. In addition, nitrides upon undergoing further reactions can cause equipment damage and catalyst poisoning. At present, compounds of nitrogen are mainly removed by catalytic hydrodenitrogenation (Kim et al. 2006 ). However, this process is somewhat difficult to perform due to the requirement of severe reaction conditions (high pressure and high temperature) and in addition the process involves large amounts of hydrogen consumption . Therefore, the denitrogenation technique is an important research subject in petroleum industry (Ojeda et al. 2005; Kwon et al. 2008) . Adsorption denitrogenation, which can denitrify the nitrogenous compounds using adsorbents, is identified as an alternative method. This method can be carried out in normal conditions without any need for additional source of hydrogen (Ishihara et al. 2005; Ojeda et al. 2005; Koriakin et al. 2010) .
The use of molecularly imprinted polymers (MIPs) as the adsorbents, due to their high capacity and specific recognition ability towards target molecules, has attracted increased attention recently (Yang et al. 2009; Huang et al. 2010; Li et al. 2012b; Liu and Lei 2012) . The molecular imprinting technique has already been applied in the field of chromatography, solid-phase extraction, controlled drug release and sensor devices (Hilt and Byrne 2004; Chuang et al. 2009; Harun et al. 2010; Xu et al. 2010; Huang et al. 2012b; Tong et al. 2013; Zhao and Wu 2013) . In addition, the magnetic separation technology has received considerable attention because it can be applied directly to crude samples, which is especially useful for rapid application and large-scale operation. Magnetic MIPs (MMIPs) are obtained by incorporating the magnetic particles into MIPs. It achieves both rapid recognition and separation during the adsorption process. Some attempts in this regard have been reported previously (Jing et al. 2010; Li et al. 2010; Qu et al. 2010; Ding et al. 2011; Cao et al. 2013) .
The classical method for preparing MIPs is bulk polymerization. It is both simple and commonly used worldwide . Recently, some approaches for the preparation of spherical MIPs have been developed, such as suspension polymerization, precipitation polymerization and microemulsion polymerization. For suspension polymerization, it is almost impossible to prepare the nano-sized spheres, whereas it is somewhat difficult to control the size of particles and size distribution for precipitation polymerization. Compared with suspension polymerization and precipitation polymerization, microemulsion polymerization can be used to prepare nanoparticles with narrow size distribution (Arshady 1992) .
Previously, we had reported on adsorptive desulfurization using MIPs Xu et al. 2011; Yang et al. 2012) . In this work, we propose a novel method using MMIPs for selective recognition and separation of indole. The monodisperse microspheres of MMIPs were prepared by microemulsion polymerization instead of suspension polymerization and precipitation polymerization. Magnetic materials were then introduced into the MIP, and this process enhances the separation speed Li et al. 2012a ). These adsorbents may have a potential application for denitrogenation of fuel oils in the petroleum industry. During adsorption, the MMIPs were separated from the model oil by an external magnet. The concentration of suspension was analyzed by gas chromatography. The adsorption performances of MMIPs (for indole) were investigated by batch adsorption experiments in terms of selective recognition, adsorption kinetics and adsorption isotherms, respectively. Furthermore, the experimental data were analyzed by kinetics and isotherm adsorption models.
EXPERIMENTAL ANALYSIS 2.1. Chemicals
Indole (98.5%), 3-methylindole (98%), quinoline (99%), benzothiophene (99%), ethylene glycol dimethacrylate (EGDMA, 98%), acrylamide (AM) and docusate sodium (AOT) were all purchased from the Aladdin Chemical Co. Ltd. (China). All the reagents used in our experiments, including toluene, methanol, ethanol, n-octane, 2, 2-azobisisobutyronitrile (AIBN), FeCl 2 ·4H 2 O, FeCl 3 ·6H 2 O, HCl and ammonium hydroxide (25%), were supplied by the Sinopharm Chemical Reagent Co. Ltd. (China). Deionized water was used in all experiments.
Preparation of MMIPs
The MMIPs were prepared by microemulsion polymerization, using Fe 3 O 4 nanoparticles as the magnetically susceptible component, AM as the functional monomer, EGDMA as the crosslinker and indole as the template molecule. The steps involved were as follows: AOT (20 g) was dissolved in toluene (37.5 g), which acts as the oil phase. The water phase was prepared by mixing H 2 O (2.5 g), FeCl 2 ·4H 2 O (0.25 g) and FeCl 3 ·6H 2 O (0.65 g). The water phase was dispersed into the oil phase by ultrasonic vibration. A uniform and stable yellowish green inverse microemulsion was thus obtained. When the temperature reached 80 °C, a solution of ammonia (1 ml) was added dropwise to this emulsion, as a result of which the inverse microemulsion turns black. The system was maintained at 80°C for 40 minutes with ultrasonic vibration. An appropriate amount of HCl was then added to counteract the effect of alkalis until the pH drops down to 7.
When the temperature was cooled to 60°C, AM (7.5 mmol), EGDMA (22.5 mmol) and indole (1 mmol) were added to the black mixture. The mixture was stirred for 30 minutes, and then AIBN (0.01 mmol) was added. All steps were performed under nitrogen atmosphere. The mixture was maintained at 60°C with ultrasonic vibration for 10 hours. Finally, the system was demulsified by adding methanol. The final products (i.e. MMIPs) were separated from the mixture by a magnet and washed with methanol/ethanol (7:3, v/v) by Soxhlet extraction. These polymers were washed with ethanol several times, and were then dried at 60°C in vacuum. The corresponding magnetic non-imprinted polymers (MNIPs) were prepared using a similar method, but without the addition of indole.
Characterizations of MMIPs
The properties of the MMIPs were characterized by Fourier transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM) and vibrating sample magnetometry (VSM), respectively. GC was obtained with an Agilent 7890A GC (Varian Instruments, Palo Alto, CA, USA) with a flame ionization detector. Infrared spectra of the composite nanoparticles were obtained using a Nicolet Nexus 470 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA). The surface morphology of samples was observed by transmission electron microscope (G-20; Tecnai, Japan). Magnetic measurements were obtained by VSM (HH-15, China) at room temperature. The chemical contents of MMIPs were characterized using a thermogravimetric analyzer (STA449C, Germany).
Adsorption Experiments
Selective adsorption, adsorption kinetics and adsorption isotherms were investigated to evaluate the recognition properties of the MMIPs. The influences of initial concentration, equilibration time and temperature on the adsorption of indole were investigated. In the batch experiments, 6 ml aqueous solution was adsorbed by 10 mg of adsorbents. The mixture was vibrated in a temperature-controlled air shaker. The supernatant was separated from the adsorbent by a magnet. Finally, the concentration of the supernatant was determined by GC. The selective adsorption experiments were carried out at 298 K with the 250 mg l -1 indole solution using MMIPs and MNIPs for 3 hours, respectively. The kinetic adsorption experiments were carried out at temperatures of 298, 308 and 318 K with the indole concentration of 250 mg l -1 at varying periods from 5 to 180 minutes. The isothermal adsorption experiments were carried out at temperatures of 298, 308 and 318 K with the initial concentration ranging from 100 to 500 mg l -1 for 3 hours. The adsorption capacity was calculated by the following mass balance relationship:
(1)
where C 0 (mg l -1 ) is the initial concentration of indole; C e (mg l -1 ) is the indole concentration of the supernatant solution; V (l) is the volume of the initial solution and m (g) is the mass of the adsorbent.
RESULTS AND DISCUSSION

Characterizations
The FTIR spectra of the MNIPs and MMIPs are shown in Figures 1(a and b) , respectively. The spectrum of MMIPs shows an adsorption band at 588 cm -1 , which corresponds to the Fe-O of Fe 3 O 4 wrapped in polymers. The peak at 1614 cm -1 is attributed to the N-H bonding vibration of AM. The characteristic peaks at 1728 and 1157 cm -1 show the presence of the C = O stretching vibrations and the C-O stretching vibrations, which belong to AM and EGDMA, respectively. The peaks at 2985 and 2954 cm -1 are assigned to the C-H stretching vibration of the -CH 3 and -CH 2 -groups. The FTIR peaks suggest that MMIPs were synthesized successfully. The shape and the position of the peaks of MNIPs are very similar to those of MMIPs [ Figure 1(a) ], suggesting that indole had been almost totally been removed from MMIPs. The VSM method was used to characterize the magnetic properties of MMIPs. Figure 2 shows the magnetic curves of Fe 3 O 4 and MMIPs. It is obvious that the saturation magnetization values of Fe 3 O 4 and MMIPs obtained at room temperature are 46.2 and 21.4 emu g -1 , respectively. In addition, there is no hysteresis in the magnetization curves of the two samples. Moreover, the two samples have high saturation magnetization and weak hysteresis, and therefore we confirmed that the products possess superparamagnetic property, which facilitates magnetic separation.
The TEM method was used to study the morphology of MMIPs in detail. Figure 3 shows the TEM images of MMIPs. The particles of MMIPs were approximately 80 nm in diameter. Theoretically, if the amount of Fe 3 O 4 added is moderate, a very small amount of Fe 3 O 4 will be distributed in the volume of polymer matrix. Thermogravimetric analysis (TGA) was performed to further estimate the relative composition of Fe 3 O 4 and polymers. Figure 4 shows the TGA curve of MMIPs. The weight loss of MMIPs is approximately 1.1% between 25 and 100°C, which is mainly caused by inadequate drying. The sample starts to decompose at approximately 250°C and the maximum weight loss of MMIPs is approximately 16.1%. The remaining mass is attributed to Fe 3 O 4 , which cannot melt until 1594.5 °C. The amount of Fe 3 O 4 enclosed in MMIPs is 82.8%.
Adsorption Selectivity
To determine the recognition function of the MMIPs, experiments were carried out using four structural analogues, namely, indole, 3-methylindole, quinoline and benzothiophene. The selective adsorption of these analogues is shown in Figure 5 . The adsorption of indole on MMIPs was three times as high as that on MNIPs. This high rate of adsorption on MMIPs might be due to the imprinted sites and cavities in MMIPs, which are suitable for indole. Analogues 3-methylindole and quinoline, which had larger sizes, had difficulties in moving within the cavities, and thus their amount of adsorption was lower. The amount of benzothiophene adsorbed was also lower due to the deficiency of hydrogen bond despite its size being similar to that of indole. The presence of hydrogen bond in its structure helps indole to bind to the imprinted sites of MMIPs. In addition, the adsorption of these four compounds onto MNIPs followed a trend similar to that observed for MMIPs; however, the amount of adsorption was lesser due to the deficiency of bonding sites on its surface.
The static distribution factor (K d ), separation factor (k) and relative separation factor (k) (Li et al. 2012b) , which are used to assess the selectivity of MMIPs, were calculated using the following equations:
(2) (4) where C p is the adsorbed concentration and C s is the remaining concentration of supernatant; K d1 and K d2 are the static distribution coefficients of indole and its structural analogues, respectively; k MMIPs and k MNIPs are the mean separation factor of MMIPs and MNIPs, respectively. The K d , k and k¢ values of MMIPs and MNIPs for adsorption of the four compounds are presented in Table 1 . It is evident that the K d values of MMIPs for adsorption of indole are higher than those of MNIPs as well as that for adsorption of the other structural analogues. The k values of MMIPs are higher than those of MNIPs. However, the k¢ values of structural analogues show less differentiation due to the similar molecular structure. All these data confirm that MMIPs had a strong ability towards adsorption of indole in the imprinting process.
Adsorption Kinetics
Kinetics is one of important factors to be considered for practical application of MMIPs. Figure 6 shows a plot of adsorption capacity versus adsorption time. There is a rapid amount of adsorption in the first 40 minutes, and then the rate of increase decreases and reaches equilibrium in 2 hours. The equilibrium adsorption amount was 37.58 mg g -1 in 120 minutes (t = 298 K). During the initial adsorption stage, the surface of MMIPs contains a large number of adsorption sites onto which indole binds. As a result, the rate of adsorption is relatively larger in the initial adsorption stage. However, as the process progresses, the number of adsorption sites decreases, the adsorption becomes saturated and subsequently the adsorption rate drops down.
The pseudo-first-order and pseudo-second-order models were applied to investigate the mechanisms controlling adsorption Li et al. 2012b) . The models are expressed as follows, respectively:
where Q e and Q t are the amount of adsorbate (mg g -1 ) on the adsorbent at the equilibrium state and time t (min), respectively; k 1 (l minute -1 ) and k 2 (g mg -1 minute -1 ) are the rate constant of pseudo-first-order and pseudo-second-order models, respectively. The values of Q e , k 1 and k 2 are calculated from the slope and intercept of ln(Q e -Q t ) or t/Q t versus t.
All kinetic constants are presented in Table 2 . The correlation coefficient (R 2 ) values of the pseudo-second-order model are closer to 1 than those of the pseudo-first-order model. The calculated Q e value (Q e,cal ) of pseudo-second-order model is closer to the experimental Q e (Q e,exp ) than that of the pseudo-first-order model. Figure 6 shows the kinetic curves of MMIPs. It can be seen clearly that the pseudo-second-order model fits well with experimental data. These data illustrate that the pseudo-second-order model is more suitable to describe the adsorption kinetics.
Based on the pseudo-second-order kinetic model, the initial adsorption rate, h (mg g -1 minute -1 ), and the adsorption half-time, t 1/2 (minute), can be calculated by the following equations:
The adsorption rate can be characterized by the initial adsorption rate and half-time. The results are summarized in Table 1 . The initial adsorption rate and adsorption half-time change slightly. Niu et al./Adsorption Science & Technology Vol. 32 No. 7 2014 
Adsorption Isotherm
Isothermal adsorption experiments were carried out to study the thermodynamic properties of the MMIPs. The experimental data are shown in Figure 7 . The adsorption amount increases as the initial concentration increases. This might because a high concentration can provide larger adsorption driving force, which can easily overcome the mass transfer resistance between the MMIPs and solvent, thereby enhancing the adsorption amount. It also can be seen that the adsorption amount decreases with increasing temperature, indicating that the adsorption is exothermic.
The adsorption data obtained were fitted to Langmuir and Freundlich isotherm models Li et al. 2012b) . The Langmuir isotherm model (Qu et al. 2010 ) is based on monolayer adsorption and is expressed as follows: (9) The Freundlich isotherm model (Qu et al. 2010 ) assumes that the adsorbent has an asymmetrical surface shape, and is expressed as follows: (10) where Q e (mg g -1 ) is the equilibrium adsorption capacity; Q m (mg g -1 ) is the maximum adsorption capacity of adsorbate; C e (mg L -1 ) is the equilibrium concentration of adsorbate; K L (l mg -1 ) is the Langmuir constant, which can be calculated from the slope and intercept of C e /Q e versus C e ; K F (mg g -1 ) and n are Freundlich constants related to the affinity between the adsorbent and adsorbate, which can be obtained from the slope and intercept of lnQ e versus lnC e . The isothermal parameters obtained from linear analysis are presented in Table 3 . Compared with Freundlich model, the R 2 values of Langmuir model are greater than 0.99, indicating that the Langmuir isotherm model was more suitable to describe the adsorption process than the Freundlich isotherm model. The observed decrease in K L values with increasing temperature refers to the decreasing binding strength. The fitting curves of Langmuir and Freundlich models are shown in Figure 7 . It can be seen clearly that the Langmuir isotherm model very well corresponds to the experimental data. These results indicate that the adsorption of indole onto MMIPs is a monomolecular-type adsorption.
CONCLUSIONS
MMIPs for selective adsorption of indole from model fuel were successfully synthesized by microemulsion polymerization, using Fe 3 O 4 nanoparticles as the magnetically susceptible component, AM as the functional monomer, EGDMA as the cross-linker and indole as the template molecule. The obtained MMIPs were characterized by FTIR, TEM, VSM and TGA. The results indicate that the MMIPs particles were approximately 80 nm in diameter, and the Fe 3 O 4 molecules were distributed in the volume of MMIPs. The saturation magnetization value of MMIPs obtained at room temperature is 21.4 emu g -1 . The amount of Fe 3 O 4 enclosed in MMIPs is 82.8%. The sample started to decompose at approximately 250°C and was completely decomposed at approximately 700°C. The adsorption experiments were measured by batch process. The experimental data indicate that the MMIPs have specific adsorption sites and high adsorption capacity for indole. The pseudo-second-order model provided the best description to adsorption kinetics. The Langmuir isotherm model well fitted with the experimental data, suggesting that the adsorption of indole onto MMIPs is a monomolecular-type adsorption. All these data demonstrate that MMIPs have a potential application for denitrogenation of fuel oil in the future. 
